





























































































The	 Afar	 region	 represents	 a	 unique	 opportunity	 for	 the	 study	 of	 ongoing	 rift	 development	 and	 the	25	
various	 phases	 of	 continental	 break-up.	 In	 this	 work	 we	 discuss	 the	 geological	 and	 geomorphological	26	
characteristics	of	the	Western	Afar	Margin	(WAM)	and	the	various	scenarios	proposed	for	its	evolution.	A	27	
drastic	decline	in	topography	and	crustal	thickness	from	the	Ethiopian	Plateau	into	the	Afar	Depression,	28	
as	 well	 as	 a	 series	 of	 marginal	 grabens	 and	 a	 general	 presence	 of	 antithetic	 faulting	 characterize	 the	29	


















One	 of	 the	 crucial	 processes	 in	 plate	 tectonics	 is	 the	 rifting	 and	 eventual	 breaking	 up	 of	 continents,	46	
followed	by	 the	opening	a	new	ocean	basin	with	a	passive	 continental	margin	on	either	 side.	Rifts	 and	47	
passive	margins	have	been	studied	extensively	 for	economic	 reasons,	 in	particular	 for	 their	vast	oil	and	48	
gas	reserves	(e.g.	Levell	et	al.	2011;	Zou	et	al.	2015),	their	rich	archives	on	global	environmental	change	49	
(e.g.	Haq	et	al.	1987;	Catuneanu	et	al.	2009;	Kirschner	et	al.	2010;	Catuneanu	&	Zecchin	2013)	and	their	50	
associated	 natural	 hazards	 (Brune	 2016).	 Yet	 the	 structural	 evolution	 of	 continental	 break-up	 and	 the	51	
processes	involved	remain	poorly	understood	(e.g.	Peron-Pinvidic	et	al.	2013).	The	main	reasons	involve	52	
accessibility:	significant	parts	of	(aborted)	rifts	or	passive	margins	are	generally	situated	deep	below	sea	53	






locations	 where	 active	 continental	 break-up	 and	 the	 on-going	 transformation	 from	 rifts	 to	 passive	60	
margins	 can	 be	 examined	 on	 land	 (Varet	 2018).	 In	 recent	 years,	 much	 attention	 has	 focused	 on	61	
understand	 mechanisms	 and	 time	 scales	 of	 magma	 injection	 in	 the	 rift	 axis	 of	 Afar,	 where	 phases	 of	62	
intense	volcanism	and	focussed	seismicity	occur	along	discrete	segments	of	the	rift	axis	(e.g.	Wright	et	al.,	63	









margin.	 These	 fault-bounded	 basins,	 a	 unique	 feature	 for	 along	 rifted	margins,	 are	 tectonically	 active,	73	
posing	severe	seismic	hazards	to	the	local	population	(Gouin	1979;	Ayele	et	al.,	2007).	74	
	75	
Previous	 authors	 have	 proposed	 various	 contrasting	 structural	 models	 to	 explain	 the	 evolution	 and	76	
architecture	of	the	WAM	and	the	origin	of	the	marginal	grabens,	from	rollover	structures	due	to	a	large-77	




The	 aim	 of	 this	 paper	 is	 therefore	 to	 provide	 an	 overview	 of	 the	 various	 concepts	 proposed	 for	 the	82	
structural	evolution	and	architecture	of	the	WAM	and	its	marginal	grabens,	how	these	concepts	relate	to	83	










locally	 even	 below	 sea	 level.	 The	 Afar	 is	 bordered	 by	 the	 Ethiopian	 Plateau	 to	 the	west,	 the	 Somalian	92	
Plateau	to	the	south	(Mohr	1983)	and	the	Danakil	and	Ali-Sabieh/Aïsha	Blocks	to	the	NE	and	east	(Kidane	93	
2015,	Fig.	1).	From	the	east,	the	Gulf	of	Aden	enters	the	Afar	at	the	Gulf	of	Tadjura,	initiating	continental	94	
break-up	 there	 (e.g.	Makris	&	Ginzburg	 1987;	Manighetti	 et	 al.	 1997;	 1998).	 In	 the	 north,	 the	Red	 Sea	95	
spreading	 system	 steps	 laterally	 over	 the	 Danakil	 Block	 into	 the	 Gulf	 of	 Zula	 and	 northern	 Afar.	 From	96	
there,	the	Danakil	Depression	and	its	continuation	to	the	SE	represent	the	second	arm	of	the	current	Afar	97	
triple	 junction	 (Fig.	 1,	 inset).	 Along	 the	 axis	 of	 this	 rift	 zone,	 deformation,	 earthquake	 activity	 and	98	


















sector	 of	 the	 Gulf	 of	 Aden	 and	 progressed	westward	 (Manighetti	 et	 al.	 1997;	 d'Acremont	 et	 al.	 2006;	117	
2010;	Autin	et	al.	2010;	Fournier	et	al.	2010;	Leroy	et	al.	2010).	By	contrast,	break-up	 in	 the	Red	Sea	 is	118	
dated	at	around	5	Ma	(Bosworth	et	al.	2005;	Cochran	2005;	Augustin	et	al.	2014	and	references	therein),	119	
but	may	 have	 initiated	 as	 early	 as	 12	Ma	 (Izzeldin	 1987).	 In	 the	Afar,	 a	 decreasing	 trend	 in	 the	 age	 of	120	






























The	WAM,	which	 stretches	 roughly	 N-S	 following	 a	 sigmoidal	 trace	 between	 ca.	 9°30’N-14°N,	marks	 a	149	
sharp	decline	in	topography,	from	3000-3500	m	to	ca.	500	m,	or	even	below	sea	level	in	the	northernmost	150	
parts	of	the	Afar	(Fig.	1).	This	decrease	in	altitude	is	accompanied	by	a	decrease	in	crustal	thickness	from	151	
some	 40	 km	 below	 the	 Ethiopian	 Plateau	 to	 25	 km	 in	 southern	 Afar,	 down	 to	 15	 km	 in	 the	 Danakil	152	
Depression	 (Makris	 and	Ginzburg,	 1987;	 Bastow	 and	 Keir,	 2011;	Hammond	et	 al.,	 2011).	 The	margin	 is	153	
characterized	by	 normal	 faulting	 and	 tilted	 blocks,	 as	well	 as	 the	 presence	of	 unique	marginal	 grabens	154	







normal	 faults	 dipping	 away	 from	 the	 rift	 basin,	 here	 to	 the	 west)	 and	 the	 widespread	 occurrence	 of	162	
eastward	tilted	fault	blocks	with	dips	increasing	towards	Afar	(Baker	et	al.	1972,	Fig	4a-d).	In	the	Arabati	163	
area	for	instance	(i.e.	the	WAM	east	of	Dessie,	Fig.	1)	the	margin	consists	of	1-5	km	wide	fault	blocks	that	164	









Wolfenden	 et	 al.	 (2005)	 report	 a	 similar	 situation	 between	Dessie	 and	 the	 southern	 end	 of	 the	WAM:	174	
synthetic	faults	and	westward	dipping	strata	west	of	the	marginal	grabens	versus	antithetic	faulting	with	175	
eastward	dipping	blocks	on	the	Afar	side.	Dips	are	similar	to	those	reported	to	the	north	(10˚-45˚).	Note	176	
that	 antithetic	 faulting	 is	 to	 some	extent	 also	 present	 in	 the	 easternmost	 section	of	 the	 Southern	Afar	177	



























Afar	 and	 may	 be	 due	 to	 the	 reactivation	 of	 a	 Neoproterozoic	 (Pan-African)	 tectonic	 grain,	 possibly	 in	203	




The	 basins	 themselves	 are	 some	 10-20	 km	wide	 and	 several	 tens	 of	 km	 in	 length,	 although	 at	 various	208	
places	 they	 are	 poorly	 developed	 and	 various	 small	 (sub)basins	 can	 be	 distinguished	 (Fig.	 2).	 The	209	
sedimentary	 infill	 consists	 of	 alluvial	 deposits	 of	 at	 least	 Pliocene-Quaternary	 age	 (e.g.	 Kazmin	 1972;	210	
Chorowicz	et	al.	1999).	In	the	Buia	basin	to	the	north,	these	deposits	can	be	up	to	550	m	thick	(Ghinassi	et	211	
al	2015;	Sani	et	al.	2017).	In	contrast,	sediment	thicknesses	in	the	Borkenna	basin	to	the	south	are	limited	212	
(Abbate	 et	 al.	 2015).	 However,	 there	 is	 a	 general	 lack	 of	 data	 on	 the	 thickness,	 type	 and	 age	 of	 the	213	








the	south	so	 that	 the	Borkenna	Basin	 lies	 immediately	adjacent	 to	 the	margin	 (Fig.	3e),	which	 is	 in	 line	222	
with	 a	 southward	 propagation	 of	 rifting	 (e.g.	 Wolfenden	 et	 al.	 2005;	 Ayalew	 et	 al.	 2006);	 the	 older	223	





It	 is	 worth	 stressing	 that	 although	 the	 antithetic	 faulting	 typical	 for	 the	 margin	 can	 to	 a	 degree	 be	227	









seismic	 events	 have	 been	 recorded	 in	 the	 area	 (e.g.	 Gouin	 1970,	 1979;	 Ayele	 et	 al.,	 2007;	 Craig	 et	 al.,	237	
2011;	Goitom	et	al.,	2017;	Illsley-Kemp	et	al.,	2018).		238	
	239	
The	 first	 historical	 account	 of	 an	 earthquake	 in	 Ethiopia	 occurred	 in	 the	 northern	 part	 of	 the	WAM	 in	240	
1431-1432	(Gouin,	1979).	This	has	been	followed	by	reports	of	several	10s	of	significant	earthquakes	 in	241	
the	15th	 -	 20thcenturies	 (Gouin,	 1979).	Notable	events	 are	 the	 swarm	of	 earthquakes	during	1841-1842	242	
which	 triggered	 a	 landslide	 that	 destroyed	Ankober,	 and	 the	 1961	 earthquake	 swarm	which	 destroyed	243	
Majete	and	caused	significant	damage	 to	Karakore	 (Gouin,	1979).	The	National	Earthquake	 Information	244	






is	 consistent	 with	 that	 determined	 using	 local	 seismic	 networks	 (Illsley-Kemp	 et	 al.,	 2018;	 Keir	 et	 al.,	251	
2006).	 Earthquake	 focal	 mechanisms	 are	 mostly	 of	 normal	 faulting	 type	 with	 the	 majority	 of	 T-axes	252	
scattered	by	+-	40	degrees	either	 side	of	N95	degrees	 (e.g.	 Illsley-Kemp	et	al.,	 2018;	Craig	et	 al.,	 2011;	253	
Ayele	et	al.,	2007).	A	few	strike	slip	earthquakes	are	also	observed	(Illsley-Kemp	et	al.,	2018).		254	
	255	
These	 recurring	 seismic	 events	pose	 severe	 risks	 to	 the	population	 living	 in	 the	 agriculturally	 attractive	256	
marginal	 grabens	 and	 along	 the	 plateau	 scarps	 of	 the	WAM,	 especially	 due	 to	 the	 presence	 of	 steep,	257	







as	 well	 as	 sedimentary	 loading	 within	 the	 rift	 and	 the	 marginal	 grabens	 may	 play	 a	 role	 in	 focusing	265	

















structural	 framework	of	 the	WAM,	which	are	 subsequently	 linked	 to	 the	 tectonic	evolution	of	 the	Afar	281	
and	 the	Red	Sea	 rift.	Early	models	 involve	erosion	of	 the	plateau	margin	 (Mohr	1962)	or	block	 rotation	282	
due	to	crustal	creep	(Black	et	al.	1972).	Other	authors	have	suggested	that	extension	in	Afar	is	principally	283	
accommodated	by	 large-scale	detachment	 faulting	 (e.g.	Morton	and	Black	1975;	Chorowicz	et	al.	1999;	284	
Tesfaye	 &	 Ghebreab	 2013,	 Stab	 et	 al.	 2016).	 Alternative	models	 involve	marginal	 flexure	 (Abbate	 and	285	
Sagri	 1969),	 possibly	 triggered	 by	 magmatism	 during	 the	 development	 of	 Afar	 (e.g.	 Wolfenden	 et	 al.	286	






may	 have	 formed	 simply	 due	 to	 isostatic	 compensation	 after	material	was	 removed	 by	 erosion	 of	 the	293	










Black	 et	 al.	 (1972)	 suggested	 that	 brittle	 deformation	 along	 the	 Afar	 margins	 may	 be	 controlled	 by	304	
underlying	(lower)	crustal	creep	during	extension	(Fig.	5e,	f).	However,	which	parameters	control	whether	305	
faulting	 is	 synthetic	 or	 antithetic	 remains	 unclear.	 Kazmin	 et	 al.	 (1980)	 and	 Zanettin	 &	 Justin-Visentin	306	
(1975)	 consider	 the	 possibility	 that	 all	 faulting	 is	 initially	 synthetic,	 after	 which	 the	 easternmost	 fault	307	
blocks	are	so	far	rotated	towards	the	Afar	that	fault	throw	is	reversed	and	the	previously	synthetic	faults	308	






and	antithetic	 faults	 (in	 the	case	of	 the	WAM	eastward	and	westward	dipping	 faults,	 respectively)	may	315	
interact,	leading	to	the	formation	of	a	marginal	graben	in	a	rollover	fault	setting	(Fig.	5g-h).	In	this	view,	316	




option	 involves	 a	 large	 synthetic	 (detachment)	 fault	 and	 a	 graben	 forming	 due	 to	 secondary	 antithetic	319	
faults.	 In	 both	models,	 deformation	 is	 strongly	 focused	 along	 the	 detachment	 fault	 and	 the	 basinward	320	
part	 of	 the	 crust	 is	 dominated	 by	 antithetic	 faulting.	 Note	 however,	 that	 the	 timing	 of	 synthetic	 fault	321	










marked	 by	 its	 strong	 decline	 in	 topography	 and	 crustal	 thickness.	 After	 a	 first	 phase	 of	 asymmetrical	332	
deformation,	 the	 current	 situation	 is	 one	 of	 symmetrical	 stretching	 (Fig.	 6b).	 Within	 this	 context,	 the	333	
northernmost	marginal	grabens,	which	are	situated	closest	to	the	Afar	rift	axis,	would	be	the	oldest	and	334	
most	evolved	structures	(Tesfaye	&	Ghebreab	2013).	Their	 low	altitude	(even	below	sea	 level)	 is	due	to	335	
the	strongly	 thinned	crust	 in	 the	northern	Afar	 (15	km	versus	25	km	to	 the	south,	Bastow	&	Keir	2011,	336	






The	 idea	 that	 the	 oldest	 basins	 are	 found	 in	 the	 north	 fits	 with	 the	 observation	 that	 volcanism	 and	343	
associated	 rifting	 initiated	 in	 the	 northern	 part	 of	 the	WAM	 and	 propagated	 southward	 (Zanettin	 and	344	
Justin-Visentin	1975;	Ayalew	et	al.	2006).	A	problem	however,	may	be	 the	actual	presence	of	 the	main	345	
detachment.	Although	such	structures	are	reported	from	Eritrea,	their	existence	is	contested	by	Abbate	et	346	
al.	 (2002),	 arguing	 that	 there	 is	 no	 evidence	 to	 support	 a	 large-scale	 detachment.	 Also,	 if	 present,	 an	347	











that	 it	 involves	 large	eastward	dipping	detachments,	yet	 it	 incorporates	multiple	phases	of	deformation	359	


















There	are	however	some	objections	 to	 the	Chorowicz	et	al	 (1999)	model.	Wolfenden	et	al.	 (2005)	have	376	
criticized	the	choice	of	fieldwork	area	since	most	of	the	data	are	gathered	to	the	north	of	the	Borkenna	377	
Basin,	 in	 the	Dese-Bati	 accommodation	 zone	 that	 links	 the	 Borkenna	 basin	with	 the	Hayk	 Basin	 to	 the	378	
north.	Therefore,	the	strike	slip	motion	may	be	measured	on	faults	that	link	marginal	basins,	and	may	not	379	
be	 representative	of	 the	 regional	 kinematics	of	 the	WAM.	 Furthermore,	Wolfenden	et	 al.	 (2005)	 argue	380	
that	the	Borkenna	basin	did	not	develop	in	the	early	stages	of	Afar	formation	(see	also	section	4.4).	But	381	
since	the	age	of	the	basins	is	poorly	constrained,	early	to	middle	Miocene	age	basin	initiation	remains	a	382	
possibility.	 The	 question	 remains	 how	 significant	 the	 proposed	 first	 phase	 of	 deformation	was	 since	 it	383	
except	for	Collet	et	al.	(2000),	none	of	the	plate	reconstruction	efforts	have	felt	the	need	to	include	it.	384	
	385	
Furthermore,	 Chorowicz	 et	 al.	 (1999)	 predict	 large	downfaulted	 crustal	 blocks	 to	 the	 east	 of	 the	WAM	386	
(Fig.	8).	There	 is	however	no	evidence	of	 such	a	structure	as	 illustrated	by	 the	Moho	depth	 in	 the	area	387	
(Stab	et	al.	2016	and	references	therein,	Fig.	8).	Yet	the	effects	of	magmatic	underplating,	as	reported	by	388	
Mohr	(1983)	and	Stab	et	al.	(2016)	may	hide	such	a	structure.	On	the	other	hand,	the	eastward	dipping	389	
























The	 Stab	 et	 al.	 (2016)	westward	detachment	model	 could	 thus	 induce	marginal	 flexure,	 accounting	 for	412	
marginal	 graben	 formation.	However,	 the	 similarity	 between	 their	 large-scale	 extension	model	 and	 the	413	
second	 marginal	 graben	 mechanism	 involving	 a	 rollover	 structure	 due	 to	 a	 westward	 detachment	414	
proposed	 by	 Morton	 &	 Black	 (1975,	 Fig.	 5h)	 is	 of	 interest	 as	 well.	 The	 development	 of	 the	 marginal	415	
grabens	due	to	a	westward	dipping	detachment	would	for	 instance	explain	the	apparent	focus	of	active	416	
deformation	on	 the	 eastern	boundary	 faults.	 Also	 the	possible	 absence	of	 a	western	boundary	 fault	 at	417	
parts	of	the	margin	would	fit	with	this	model,	since	a	detachment	fault	might	as	easily	produce	a	rollover	418	


























that	 the	marginal	 basins	 are	 formed	 as	 a	 result	 of	 lithospheric	 flexure	 to	 compensate	 for	 the	 relative	443	
increased	 subsidence	 in	Afar	 (Fig.	 10).	As	 specified	by	Kazmin	et	 al.	 (1980),	 such	a	 flexure	would	 cause	444	











The	 simple	 flexure	 concept	 proposed	 by	 Abbate	 &	 Sagri	 (1969,	 Fig.	 10c)	 elegantly	 explains	 the	456	
development	of	antithetic	faults	without	the	problems	associated	with	large	eastward	detachment	faults	457	




Such	marginal	 flexure	was	 initially	 thought	 to	be	caused	by	outward	 flow	of	magma	 from	 large	magma	462	
chambers	below	the	sagging	rift	around	14	Ma	direct	cause	for	such	flexure	(e.g.	Kazmin	et	al.	1980),	a	463	
similar	 process	 also	 occurs	 on	 a	 smaller	 scale	 in	 the	 grabens	 of	 the	 central	 Afar	 (Acocella	 2010).	More	464	
recently	 however,	Wolfenden	et	 al.	 (2005)	 propose	 that	magmatic	 loading	 can	be	 the	driving	 force	 for	465	
marginal	 flexure	(Fig.	11a).	Due	to	 its	position	on	a	hot	spot,	Afar	 is	a	highly	volcanic	region	and	crustal	466	





the	 rift	 edges	 towards	 the	 rift	 axis	 during	 three	 magmatic	 phases	 (Zanettin	 &	 Justin-Visentin	 1975,	472	
Wolfenden	et	al.	2005).		473	
	474	
This	 magma-loading	 scenario	 implies	 that	 the	marginal	 grabens	 are	 of	 relatively	 young	 age,	 similar	 to	475	
those	of	the	Pliocene	to	recent	sediments	found	in	them	so	far	(e.g.	Abbate	et	al.	2002;	Sani	et	al.	2017).	476	
Still,	 the	 current	 apparent	 absence	 of	 older	 sediments	 does	 not	 exclude	 an	 older	 age	 for	 the	marginal	477	
grabens,	 as	 such	 older	 sediments	might	 either	 be	 covered	by	 younger	 units	 or	 removed	by	 erosion.	 In	478	
fact,	Zanettin	&	Justin-Visentin	(1975)	and	Mohr	(1983)	suggest	flexure	and	marginal	graben	formation	to	479	
have	occurred	early	on,	 i.e.	pre-Pliocene	and	probably	as	early	as	19	Ma,	which	 is	more	in	 line	with	the	480	
older	magma-escape	scenario.	481	
	482	
Yet,	 the	 young	 basin	 age	 inferred	 from	 the	magma	 loading	 scenario	would	 be	 in	 accordance	with	 the	483	
notion	that	significant	flexure	might	be	necessary	to	develop	faults	 (e.g.	Kazmin	et	al.	1980,	Fig.	10a,	b)	484	
and	 even	more	 to	 develop	marginal	 grabens.	 It	 is	 for	 instance	 proposed	 that	Oligocene-early	Miocene	485	
12	
	
lithospheric	 flexure	 was	 only	much	 later	 followed	 by	marginal	 basin	 formation	 in	 Pliocene-Quaternary	486	
times	 (Mohr	1986).	Possibly,	 the	presence	of	marginal	grabens	 is	an	expression	of	extreme	flexure	as	a	487	
combined	result	of	 the	significant	uplift	of	 the	Ethiopian	Plateau	and	the	strong	subsidence	 in	 the	Afar.	488	
The	 former	has	been	estimated	 to	be	some	2000	m,	although	 the	 timing	 is	highly	debated	 (Corti	2009;	489	
Abbate	et	al.	2015	and	references	therein).	The	latter	is	difficult	to	estimate,	but	the	decrease	in	crustal	490	





strong	 crustal	 thickness	 variations	 along	 the	WAM.	 By	 contrast,	 Stab	 et	 al.	 (2016),	 who	 worked	 on	 a	496	
profile	 crossing	 the	 same	 area,	 invoke	 dominant	 mechanical	 deformation	 and	 infer	 magmatic	497	
underplating	 to	 fill	 in	 the	 gaps	 in	 the	 lower	 crust	 left	 over	 in	 their	 mass	 balances.	 It	 is	 therefore	498	




magmatic	 passive	 margins,	 and	 is	 associated	 with	 the	 development	 of	 thick	 sequences	 of	 magmatic	503	
layers,	 seaward-dipping	 reflectors	 (SDR),	 in	 e.g.	 East	 Greenland,	 Norway,	 the	 South	 Atlantic	 and	 the	504	











in	 large-scale	models	 for	 the	 evolution	of	 the	Afar.	 In	 Table	 2	we	 summarize	 these	 and	 the	 associated	514	
predictions	that	can	be	tested	in	the	field.	Below	we	discuss	the	current	limits	to	our	understanding	of	the	515	





As	discussed	 in	 the	previous	 sections,	 the	various	options	 to	explain	widespread	antithetic	 faulting	and	521	
marginal	graben	formation	predict	wildly	different	structures	and	all	have	pros	and	cons.	A	major	problem	522	
is	 that	 the	 initial	 observations	 on	 which	 these	 models	 are	 based	 are	 rather	 limited.	 Justin-Visentin	 &	523	
Zanettin	 (1974)	and	Zanettin	&	 Justin-Visentin	 (1975)	point	out	 that	most	of	 the	early	 fieldwork	on	 the	524	
WAM	was	 concentrated	 along	 the	 ca.	 E-W	 road	 between	 Dessie	 and	 Bati,	 since	 it	 was	 the	 only	 place	525	










WAM	 to	 explain	 the	 whole	 margin	 (e.g.	 Mohr	 1971).	 It	 is	 not	 uncommon	 that	 rift	 structures	 have	536	
significant	variations	along	strike	and	the	WAM	is	already	known	to	have	a	different	topographic	profile,	537	
lithology,	 crustal	 thickness	and	 rift	 initiation	age	 from	north	 to	 south,	as	well	as	a	different	 strike	 in	 its	538	
southernmost	sector	(see	section	2).	Furthermore,	Zanettin	and	Justin-Visentin	(1975)	note	the	possibility	539	
that	 the	 typical	 antithetic	 faulting	 of	 the	 WAM	 may	 be	 due	 to	 superficial	 basement-controlled	540	
deformation	 in	 the	 massive	 Trap	 basalts;	 where	 the	 latter	 are	 eroded	 and	 the	 basement	 is	 exposed	541	
(mostly	 in	 the	 northern	 part	 of	 the	 WAM),	 a	 simpler	 geology	 with	 less	 defined	 structures	 seems	 to	542	









assessment	of	 the	WAM,	 in	order	 to	determine	which	 faults	 are	dominant	 and	what	 their	 orientations	552	
are,	to	characterize	the	marginal	basin	size	and	geometries.	Here,	geomorphological	analysis	may	help	to	553	
determine	(relative)	ages	of	 fault	activity	and	earthquake	analysis	could	help	to	determine	current	fault	554	







Other	 important	 information	that	 is	currently	poorly	constrained	concerns	 the	age	and	thickness	of	 the	560	
sediments	in	the	marginal	grabens,	as	well	as	the	architecture	of	the	basin	infill.	The	oldest	known	units	561	
are	of	Pliocene	age	and	there	may	be	up	to	550	m	of	sedimentary	infill	(Sani	et	al.	2017),	but	no	well	logs	562	
or	 reflection	 seismic	data	are	available	 to	verify	 if	 there	are	yet	older	units	or	deeper	depocenters	and	563	
how	the	sediments	relate	to	the	faults.	The	age	of	the	marginal	grabens,	their	structural	architecture	and	564	










The	uncertainties	 surrounding	 the	geological	history	of	 the	WAM	provides	 interesting	opportunities	 for	575	
future	 laboratory	experiments	or	numerical	simulations.	Few	studies	formally	model	the	dependence	of	576	
rift	evolution	on	rheology	and	structure	of	 the	 lithosphere,	but	 instead	present	conceptual	models	 that	577	










Since	 Afar	 provides	 a	 unique	 opportunity	 to	 study	 continental	 break-up	 processes,	 it	 is	 important	 to	588	
reflect	 on	 how	 the	 area	may	 compare	 to	 generalized	 end	member	models	 of	 rifting.	 Here	we	 link	 the	589	
various	 rift	models	 for	 Afar	 to	 either	 the	 classical	 pure	 shear	model	 in	which	 lithospheric	 stretching	 is	590	
accommodated	symmetrically	by	viscous	deformation	(e.g.	McKenzie	1978,	Fig.	12a),	asymmetric	simple	591	
shear	 models	 involving	 a	 lithospheric-scale	 detachment	 fault	 (e.g.	 Wernicke	 1985,	 Fig.	 12b),	 and	 the	592	






The	 erosion	model	 by	Mohr	 (1962)	 (Fig.	 5a-d)	 and	 the	 block	 rotation	model	 (Fig.	 5f),	 link	 best	 to	 pure	599	













The	 detachment	 models	 for	 the	 WAM	 involve	 a	 simple-shear	 mode	 of	 crustal	 extension,	 a	 type	 of	611	
lithospheric	 thinning	 that	 accounts	 for	 the	many	 large-scale	 detachment	 structures	 typical	 for	 passive	612	
margins	 (e.g.	 Lister	 et	 al.	 1986;	 Peron-Pinvidic	 et	 al.	 2013).	 This	 is	 counter	 to	 observations	 from	 early	613	
stages	of	rifting	in	the	East	African	rift	(including	the	Main	Ethiopian	Rift)	where	evidence	for	large	scale	614	
detachment	 faults	 is	 lacking,	 and	 a	 pure	 shear	 model	 of	 rifting	 (with	 the	 addition	 of	 magma	 in	 some	615	





from	 distributed	 to	 localized	 deformation	 ultimately	 leads	 to	 continental	 break-up	 and	 mantle	621	
exhumation	 (Manatschal	 2004,	 Lavier	 &	Manatschal	 2006)	 and	 has	 been	 interpreted	 as	 applicable	 for	622	
breakup	in	the	Gulf	of	Aden	(Bellahsen	et	al.	2013).	By	contrast,	both	pure	shear	and	simple	shear	models	623	
have	 been	 proposed	 for	 the	 less	 mature	 Red	 Sea	 basin	 (Ghebreab	 1998	 and	 references	 therein).	 The	624	
notion	that	we	may	currently	observe	different	modes	of	rifting	in	both	Afar	and	the	Red	Sea	(Fig.	12d),	as	625	
expressed	by	 the	 various	 contrasting	 tectonic	models	proposed	 for	 the	area	 (Ghebreab	1998;	 Table	2),	626	
may	indicate	that	(parts	of)	the	Afar	region	is	currently	undergoing	a	transition	from	pure	shear	to	simple	627	




Both	 the	 pure	 shear	 and	 simple	 shear	 rift	 models	 ignore	 the	 effects	 of	 magmatism	 on	 lithospheric	632	
thinning,	a	factor	that	is	key	to	the	magmatic	loading	model	(Wolfenden	et	al.	2005).	In	Afar,	lower	crustal	633	
intrusions	 have	 facilitated	 extension	 with	 less	 crustal	 thinning	 than	 expected	 from	 the	 amount	 of	634	









































Yet	 we	 must	 stress	 that	 in	 order	 to	 better	 understand	 the	 system	 and	 to	 fully	 exploit	 the	 research	672	




and	 numerical	modeling.	 The	 findings	 of	 such	 future	work,	 combined	with	 data	 from	 rifts	 and	 passive	677	
margins	 from	 around	 the	 globe	 will	 be	 of	 great	 importance	 to	 improve	 our	 understanding	 of	 the	678	
































































































































































































































































































































































































































































































































































































































































































***	The	name	“Hayk	basin”	 is	poorly	chosen,	as	the	city	of	Mesra	and	not	the	city	 (or	 lake)	of	Hayk	are	1303	
situated	in	the	main	regional	depocenter	(Mesra	plain,	Fig.	2).	Also,	the	basin	extent	is	poorly	constrained	1304	











































































































































































Fig.	 1.	 Afar	 Depression	 in	 East	 Africa	 and	 the	 location	 of	 the	 Western	 Afar	 Margin	 (WAM).	 Red	 dots	1321	
indicate	 historic	 earthquakes	 from	 the	 1973-2018	 NEIC	 earthquake	 catalogue.	 White	 lines	 indicate	1322	











indicate	 the	extents	of	 the	marginal	grabens.	White	 lines	 follow	 the	 traces	of	 topographic	profiles	P1-5	1332	
and	 geological	 sections	 (S1-3,	 9)	 as	 presented	 in	 Figs.	 3	 and	 4.	 Note	 that	 the	 location	 of	 section	 S2	 is	1333	























(c)	 Section	 S3	 at	 the	 northern	 end	 of	 the	 Borkenna	 Basin,	 near	 Dessiè.	Modified	 after	 Abbate	&	 Sagri	1350	
(1969).	(d)	Section	S4	through	the	Kobo	Basin.	Modified	after	Beyene	&	Abdelsalam	(2005)	and	Corti	et	al.	1351	
(2015a).	 (e)	 Section	 S5	 through	 the	 Somalian	 margin	 near	 Dire	 Dawa,	 showing	 the	 typical	 synthetic	1352	
faulting	style.	Modified	after	Beyene	&	Abdelsalam	(2005)	and	Corti	et	al.	(2015a).	(f)	Section	S6	near	the	1353	





































Fig.	7.	Evolution	of	the	WAM	and	 its	marginal	grabens	according	to	Chorowicz	et	al.	 (1999).	 (a)	Sinistral	1385	
strike-slip	phase	(early	to	middle	Miocene)	and	(b)	gravitational	collapse,	both	in	map	view.	Inset	between	1386	
(a)	 and	 (b):	 schematic	 map	 view	 of	 the	 translation	 and	 rotation	 of	 the	 Danakil	 Block.	 (c)	 Interpreted	1387	
section	S8	through	the	Borkenna	basin	with	an	eastward	dipping	detachment	system.	For	section	location	1388	
see	Fig.	1.	(d)	Schematic	section	view	depicting	the	evolution	of	the	lithosphere	and	the	marginal	grabens	1389	





















Transitional	 phase	 involving	 uplift,	 erosion	 and	 extrusion	 of	 the	 Upper	 Stratoid	 Series.	 (c)	 Pre-breakup	1407	







Fig.	 10.	 (a-b)	 Development	 of	 antithetic	 faults	 due	 to	 flexure	 (Kazmin	 et	 al.	 1980).	 (c,	 c’)	 two	 types	 of	1413	









Fig.	11.	Examples	of	magmatic	 loading	and	resulting	crustal	 flexure	as	 interpreted	 in	 the	Afar	and	Main	1421	





progressive	 tilting	 of	 volcanic	 and	 sedimentary	 strata	 (Modified	 after	 Corti	 et	 al.	 2015b).	 For	 section	1427	
locations	see	Fig.	1.	1428	
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46	
	
	1436	
	1437	
Fig.	12.	Schematic	overview	of	(a-c)	end-member	modes	of	lithospheric	extension	as	well	as	(d)	rift	modes	1438	
occurring	in	the	Afar	region.	(a)	Pure	shear	involving	symmetric	stretching	(e.g.	McKenzie	1978).	(b)	1439	
Simple	shear	via	a	large-scale	detachment	fault	(e.g.	Wernicke	1985).	(c)	Magma-controlled	rifting	(e.g.	1440	
Buck	2004,	2006).	(d)	Distribution	of	modes	in	the	Afar	region.	Pure	shear	rifting	occurs	in	the	southern	1441	
Main	Ethiopian	Rift	(MER),	magma-assisted	pure	shear	rifting	is	dominant	in	the	northern	MER	and	1442	
southern	Afar	(A),	and	probably	active	in	the	Danakil	Depression	(northern	Afar)	as	well.	In	the	Central	1443	
Afar,	parts	of	the	Red	Sea	(RS)	and	the	propagating	tip	of	the	Gulf	of	Aden	(GoA),	a	shift	from	pure	to	1444	
simple	shear	rifting	may	be	occurring,	although	the	latter	location	may	also	be	affected	by	magmatism.	1445	
Post-breakup	oceanic	spreading	can	be	observed	in	the	central	RS	and	GoA	(e.g.	Bosworth	et	al.	2005).	1446	
Topography	and	bathymetry	derived	from	the	GEBCO	Digital	Atlas	(IOC	et	al.	2003).	1447	
	1448	
47	
	
	1449	
	1450	
Fig.	13.	Flow	chart	depicting	the	possible	pathways	to	continental	break-up	as	interpreted	from	the	Afar	1451	
region.	Initial	rifting	is	thought	to	occur	in	a	symmetric,	pure	shear	mode.	Subsequent	magmatic	influence	1452	
may	control	whether	a	shift	to	simple	shear	rifting	occurs	or	not.	If	extension	persists,	the	system	may	1453	
enter	the	final	continental	break-up	phase,	involving	the	development	of	a	magma-rich	or	magma-poor	1454	
passive	margin.	However,	if	extension	halts	before	break-up,	the	result	will	be	a	failed	rift.	1455	
	1456	
